INTRODUCTION 27 28
External sulfate attack (ESA) has been recognized as a complex degradation phenomenon that 29 may cause severe damage in cement based materials [1, 2] . The stresses generated by 30 precipitation of expansive phases (ettringite and gypsum) in the pore network are reflected on 31 the macro-scale in the form of expansions and cracking. After decades of extensive research, 32 important aspects such as the precipitation pattern of expansive products are not fully 33 understood. Because of that, codes have adopted simplified approaches to mitigate ESA in real 34 structures. Moreover, numerical models to predict the damage include simplifications regarding 35 the precipitation of expansive products, requiring several fitting parameters to correctly 36 reproduce the effects of ESA [3, 4] . 37 38
The uncertainties in fundamental issues might be explained by the fact that most of the research 39 conducted in this field is focused on the dimensional variation and cracking, which are the 40 macro-scale response of the precipitation of expansive phases in the pore network. However, 41 according to recent publications [5] [6] [7] , to correctly assess the potential damage is key to 42 understand the relationship between ettringite formation and pore network. When it comes to 43 evaluate the damage generated, K. Tosun et al. [5] suggested that the location and morphology 44 of the ettringite precipitation may be more relevant than the total quantity of ettringite formed. 45 In fact, the crystallization pressure theory [6, 7] states that only expansive products precipitated 46 in small pores are likely to cause damage. Unfortunately, few experimental studies focusing on 47 these aspects are found in the literature due to limitations in the techniques available to 48 characterize the precipitation in the pore structure of the cement-based materials. 49 Another important issue hardly ever evaluated is the early sulfate exposure. In reality, the source 50 of external sulfate ions is usually found in sulfate-rich soils and underground waters in contact 51 with concrete. Therefore, ESA is especially significant in underground structures like 52 foundations, tunnels or waste containers. Due to their massive size, these structures are usually 53 built in situ, hence being exposed to sulfates since casting. However, most studies about the 54 ESA in laboratory rely on testing of specimens cured several days in lime water prior immersion 55 in the aggressive solution with sulfates. 56 57
To illustrate this, Table 1 summarizes some of the recent studies on the ESA performed in 58 laboratory, including data on the mineral admixtures used and the age at which the specimens 59 were exposed to the sulfate solution. Even though it only represents a small part of studies 60 published, the Despite the influence of pore characteristics on the precipitation of expansive phases and the 69 importance of early sulfate exposure, there is little or no research focused on the combination of 70 these aspects. The objective of this study is to assess the pore network development and 71 estimate qualitatively the pore ranges at which the alterations might occur in specimens 72 subjected to early sulfate exposure. Since these aspects are expected to vary depending on the 73 initial pore size distribution of the material, five mortars with different pore systems were 74 evaluated: one without any mineral admixture (reference), three with mineral admixtures (fly 75 ash, silica fume or limestone filler) and one with air-entrainer. In addition to that, the influence 76 of two different sulfate concentrations representative of field and laboratory conditions were 77 evaluated. 78 79
The evolution of the pore structure was assessed by mercury intrusion porosimetry (MIP Figure 2a depicts a schematic representation of the molds used, which had a longitudinal 161 opening to ease the demolding process. Prior to casting, this opening was sealed with a high 162 strength duct tape. As shown in Figure 2b , the mortar was poured gradually in three steps. After 163 each step, the material was manually compacted. Specimens were demolded 24 hours after 164 casting and water sealed with epoxy resin at both ends to ensure radial penetration of the sulfate 165 ions at the lateral surface ( Figure 2c Water pumps were used at low speed to ensure a continuous flow from the bottom to the top of 183 the container. The containers were filled up to the top and covered to reduce contact with the air, 184 thus limiting CO 2 dissolution and further carbonation. Duration of exposure for all mortars with 185 mineral (PC_FA, PC_LF and PC_SF) and an air-entrainer (PC_A) admixtures was set to 90 186 days. In mortars without admixtures (PC) the period evaluated was shortened to 28 days. Test 187 duration was set to cover typical curing periods before sulfate exposure reported in the literature 188 (see Table 1 ). Reference samples of each composition were also exposed to non-aggressive 189 curing with water without sulfates for comparative purposes. Phase composition at the end of the curing period was investigated by X-ray diffraction (XRD). 213
Samples for this test were obtained as mentioned previously and depicted in Fig. 3 . Additionally, 214 in order to analyze separately the external (in contact with the sulfate solution) and internal 215 fractions of the samples, they were divided in half with a low speed diamond saw cooled with 216 water (Figure 3c ). 217 218
Samples for XRD were freeze-dried, grinded and mixed with 10 wt.% Al 2 O 3 as an internal 219 standard. The powder samples were sandwiched between polyester films of 3.6 µm and tested 220 with a PANalytical X'Pert PRO MPD Ө/Ө diffractometer of 240 mm of radius in a 221 configuration of convergent beam with a focalizing mirror and transmission geometry. CuK α 222 radiation (λ=1.5418 Å) and PIXcel detector with active length of 3.347 º were used. Work 223 power was set to 45 kV -40 mA. 2Ө/Ө scans from 4 to 88 º2Ө with a step size of 0.026 º2Ө 224 and a measuring time of 200 seconds per step were performed. 225 226
Rietveld analysis was performed with the XRD results for the quantitative study of the 227 crystalline phases at the end of the curing period. All structures used in the refinement are listed 228
in Table 4 . The global variables refined were the background polynomial with 4 coefficients and 229 the zero shift. For all phases detected, individual scale factors and lattice parameters were 230 refined. A pseudo-Voigt function was chosen to model the peak shape. The phase profile width 231 (w) was refined for all phases with wt.>2 %. For the main phases (wt.>10 %), the profile 232 parameters U, V and the peak shape were also refined. Preferred orientation corrections were 233 applied when necessary for alite (-1 0 1), gypsum (0 2 0) and quartz (1 0 1 an air-entrainer produces a coarser pore structure due to the intrusion of air voids ranging from 261 0.1 µm to 2 µm. The total mercury intruded in PC_A is considerably higher than in any other 262 composition studied. At 90 days, PC_SF offers the highest refinement of the pore structure, 263 followed by PC_FA, PC_LF and PC_A. These results are in agreement with the particle size 264 distribution of the additions presented in In order to further analyze the MIP results, Figure 7a shows the evolution of the pore size 312 distribution according to 5 predefined pore ranges (<10 nm, 10-50 nm, 50-100 nm, 100-500 nm 313 and >500 nm) at different ages and curing conditions. 314 315 Figure 7a shows important modifications of the pore network at 7 days when C30 and non-316 aggressive curing are compared. A considerable reduction of the proportion of pores above 500 317 nm and100-500 nm is observed. This is balanced by an increase of finer pores. At 28 days, the 318 main difference on the pore size distribution between C30 and non-aggressive curing is found in 319 the pore range 50-100 nm. An increase of the proportion of pores in this range indicates that the 320 precipitation of expansive phases may be occurring preferentially in pores above 100 nm. 321 322
Notice that larger pore ranges are affected at the initial ages of exposure. However, alterations 323 evolve towards finer pore sizes as the exposition time increases. On the other hand, as expected 324 from the cumulative intrusion curves presented in Figure 6b , mortars under C3 curing condition 325
show similar pore size distributions to those of specimens subjected to non-aggressive curing 326 both at 7 and 28 days of exposition. 327 328 Figure 7b shows the evolution of the critical diameter. No change in the critical diameter occurs 329 at 7 or 28 days for specimens subjected to the aggressive curing in comparison to those under 330 non-aggressive curing. Such outcome may be explained by the fact that modification in the pore 331 network occurs in pores larger than the critical diameter presented in Figure 5 (around 50 nm 28 days on, this trend is confirmed and the shift towards a more refined pore structure becomes 370
clearer. In the case of the specimens under low aggressive curing conditions (PC_FA_C3), at 90 371 days the cumulative intrusion curve also deviates towards a thinner pore network. 372 373 Figure 11a shows that specimens with fly ash submerged in high aggressive conditions present 374 alterations in the pore network in low pore ranges as early as at 7 days of exposition. In fact, a 375 significant increase in the relative volume of pores between 10-50 nm is observed. This trend is 376 maintained for samples at 28 days and 90 days. 377 378
Interestingly, specimens submerged in low aggressive conditions reach similar pore size 379 distribution to the ones under high aggressive conditions. This behavior of the PC_FA in the 380 precipitation patterns is also reflected on the evolution of the critical diameter. According to the results presented in the section 3.1, silica fume addition leads to the most 395 refined pore network during the period evaluated among the compositions studied. Figure 12  396 presents the evolution of cumulative intrusion curves for this series. As can be seen, differences 397 observed between aggressive and non-aggressive curing are minor at all curing ages for both 398 high and low aggressive conditions. This behavior seems to indicate that the amount of 399 expansive phases precipitated during the first 90 days of curing in aggressive environments is 400 less significant when the pore structure of the matrix is highly refined. The differences on the 401 cumulative intrusion curve between 70-300 nm for PC_SF_30 at 28 days cannot be explained 402 by normal hydration or deposition of expansive products, being probably a consequence of 403 inaccuracies related to sample extraction or testing. 404 According to the analysis of the pore structure conducted in section 3.1, specimens with air-420 entrainer should have the most favorable conditions for ettringite and gypsum formation, as the 421 high permeability might promote the penetration of sulfates. Figure 14 represents the evolution 422 of cumulative intrusion curves for PC_A mortars. At 7 days, a slight refinement of the pore 423 structure is already observed in samples exposed to C30 in comparison to equivalent ones 424 exposed to non-aggressive environment. Differences between both curing conditions become 425 more significant over time. At 28 days, the intrusion curve of the specimens in the high sulfate 426 environment (C30) shows a shift towards thinner pores. At 90 days, the higher refinement of the 427 pore structure is accentuated. The evolution of the pore size distribution depicted in Figure 15 suggest that these differences 436 may be attributed to a significant reduction of the proportion of pores above 500 nm, increasing 437 the ratio of pores between 50-100 nm and 100-500 nm. Even though compositions with air-438 entrainer might seem prone to penetration of sulfates and precipitation of expansive phases, 439 results indicate that this precipitation occurs mainly in large pores, while smaller pore ranges 440 remain unaltered. 441 442 Fig. 15 . Evolution of the pore size distribution of PC_A. 444 445
Discussion of MIP results

447
The results show significant differences between the cumulative intrusion curves of mortars 448 cured in aggressive and non-aggressive conditions. The dosage that presents the greatest 449 influence is the PC_A series. For this mortar, the presence of entrained air voids connected to 450 the pore network may enhance the ingress of sulfate ions towards the inner layers of the material 451 and promote ettringite and gypsum formation. On the other hand, the dosage that presents the 452 lowest influence by early aggressive curing is the PC_SF series. In this case it seems that the 453 high pore refinement leads to a matrix with lower permeability, which was barely penetrated by 454 sulfates. Notice that the alterations in the pore network are observed not only in specimens 455 submerged in the high aggressive solution (C30), but also in the solution representative of field 456 conditions (C3) for PC_LF, PC_FA and PC_A. 457 458
In compositions PC, PC_FA and PC_A the alterations in the pore network due to early sulfate 459 exposure are observed as early as at 7 days. Consequently, typical curing periods of 28 to 90 460 days (see Table 1 ) prior to sulfate exposure adopted in accelerated laboratory testing might not 461 reproduce the behavior of the structures cast in situ, which will be affected by sulfate since 462 casting. According to R. El Hachem et al. [12] , the expansive product formed during early 463 curing is less likely to cause damage due to the coarser pore network in which it is formed. 464
Therefore, if the age of sulfate exposure in laboratory testing is not consistent with the field 465 conditions, the damage predicted might not be realistic. A more realistic approach in accelerated 466 tests would be to expose sample to sulfate at earlier ages. 467 468
Another relevant outcome derived from the analysis of the MIP results is related to how the 469 pore size distribution of the matrix influences the precipitation pattern. Some models from the 470 literature used to evaluate the ESA assume that the precipitation occurs evenly in the pore 471 network. If this assumption was true, the proportion of pores in samples exposed to aggressive 472 and non-aggressive curing conditions should be similar. Conversely, results indicate that 473 different pore ranges have different precipitation rates. In fact, the precipitation pattern depends 474 strongly on the original pore size distribution of the material. As a general trend, it seems that 475 initially larger pore sizes are more affected by early sulfate exposure. At later ages, finer sizes 476 are affected by the alterations. 477 Results also indicate that the pore size distribution of the material defines which is the lowest 479 pore range affected. In more refined matrices, the precipitation of expansive phases reached the 480 pore range of 50-100 nm (PC_FA). On the other hand, in coarser pore network of the mortar 481 with air-entrainer (PC_A), the precipitation was mainly found in pores bigger than 500 nm. 482
The exact reasons for this differential alteration depending on the refinement of the pore system 483 are not completely clear. However, it may be explained by the higher rate of penetration of the 484 sulfates through paths that include coarser pore sizes, which exert smaller restriction to the 485 diffusion and would also accommodate a bigger total sulfate content inside. This higher 486 availability of sulfates would favor the formation of ettringite in the larger pores [38] . At the 487 same time, the precipitation in coarser pores could act as a buffer that hinder the increase of 488 concentration in smaller pores connected to them. Therefore, the concentration in smaller pores 489
would not built up to allow etringite precipitation. As time passes and the refinement of the 490 system increases, the same phenomenon would extend to smaller pores. 491 492
The results also seem to indicate that mortars with air entrained bubbles (PC_A) and with silica 493 fume (PC_SF) might be less affected by early aggressive curing conditions. Notice that each of 494 these two mortars would reach this performance by two different reasons. In the case of PC_SF, 495 the reduced permeability of the matrix would limit the sulfate ingress and, consequently, the 496 extent of the ESA. In the case of PC_A, the large amount of big pores would act as a buffer that 497 hinders the increase of the crystallization pressure in the system. The small levels of pressure 498 generated in smaller pores would be unlikely to generate damage since the majority of the 499 precipitation takes place in larger pores. 500 501 3.
XRD RESULTS 502 503
This section presents the results from XRD tests in order to verify the presence of expansive 504 phases (ettringite and gypsum) that could explain the alterations of the pore network observed in 505 aggressive curing conditions. Figures 16a and 16b depict ettringite, gypsum and portlandite 506 contents in the whole sample (average of external and internal) for high (C30) and low (C3) 507 aggressive curing conditions, respectively. The XRD confirms a significant presence of 508 expansive product that may explain the alterations presented in section 3.2.1. 509 510
Results obtained for high aggressive condition are also consistent with the cumulative intrusion 511 curves since mortars with silica fume shows the lowest amount of expansive products whereas 512 specimens with air entrained have the highest content of ettringite and gypsum. In C30 curing 513 condition, the formation of expansive phases increases with the porosity of the material. 514 515 Figure 16b shows the results obtained for low aggressive curing conditions. As expected, 516 ettringite and gypsum contents are lower than in the high aggressive solution due to a more 517 limited amount of sulfates that penetrate the sample. Except for the composition with air-518 entrainer (PC_A_C3), the content of expansive product formed is also directly related to the 519 porosity of the material, although this relation is less evident than in samples subjected to C30 520
given the smaller sulfate content available in the solution. 521 522
In Figures 16a and 16b Figure 17 shows separately the ettringite, gypsum and portlandite contents obtained in the 531 external (close to the surface) and the internal (close to the core) fractions of the sample, for 532 high and low aggressive curing conditions. As expected, ettringite contents are higher in the 533 external fraction of the samples for both aggressive curing conditions due to a higher sulfate 534 concentration (Figures 17a and 17c) . However, gypsum and portlandite contents exhibit an 535 opposite trend, being higher in the internal fractions. 536 537
These results might be partially explained by a calcium leaching phenomenon from the soluble 538 phases towards the aggressive solution. The solubility of [Ca 2+ ] of the phases of interest are 539 listed in Table 5 , along with their ion activity and solubility products. This table shows that the 540 solubility of portlandite and gypsum is considerably bigger than the solubility of ettringite, 541 which is thermodynamically more stable. In this context, the calcium leached may be provided 542 by portlandite and, in a lesser extent, gypsum dissolution from the surface of the sample. 543 544
Another possible reason is that ettringite formation promoted by the high sulfate concentration 545 in the external layer also consumes calcium ions from the pore solution. The combination of 546 calcium leaching towards the external solution with high ettringite formation rates causes a 547 reduction of calcium ions close to the external surface. To reach equilibrium, the dissolution of 548 more soluble phases (portlandite and gypsum) might increase, thus explaining the differences in 549 content between the surface and the inside of the sample. The study of the microstructure and morphology was performed in samples that presented 560 dissimilar trends in terms of initial pore system and alteration patterns after sulfate exposure in 561 order to explain and justify previous results. For that reason, samples from mortars with air-562 entrainer (PC_A) and fly ash (PC_FA) after 90 days of exposition were selected. 563 564 Figure 18 shows SEM images of air voids and pores as well as the magnification of the hydrated 565 products found in high (C30) and low (C3) aggressive curing conditions. Regions analyzed by 566 EDS are indicated by a red circle. The Ca, S and Al ratios calculated from the counting are 567 indicated in the upper right corner of each image. According to the EDS spectra, the needle-like 568 hydrated product found in all cases should correspond to ettringite. However, evident 569 differences are identified regarding the morphology and degree of crystallinity of the ettringite 570 formed between the two mortars and between both aggressive solutions. 571 572
In the case of PC_A_C30 (Figure 18a ), the air void is partially filled with clusters with less than 573 10 µm of diameter formed by ball-shaped ettringite crystals with lengths that go from 1 µm to 5 574 µm. On the other hand, the ettringite formed in PC_FA_C30 (Figure 18c ) is more uniformly 575 spread within the surface of the pore, with most crystals length over 15 µm. In the case of 576 PC_A_C3 (Figure 18b ), ettringite is observed in the form of well-defined crystals that grow 577 perpendicular to the surface of the pore, indicating a slower formation. Notice that the length of 578 the crystals reach 20 µm. The same is also depicted in PC_FA_C3 (Figure 18d ), where ettringite 579 formed presents high crystallinity, with defined and separated crystals. 580 581
These results indicate that the degree of crystallinity of the ettringite formed increases with the 582 refinement of the pore system and decreases with the aggressiveness of the media. Therefore, 583 poorly crystallized ettringite is associated with formation under high supersaturation of the pore 584 solution. The differences observed in the length of the crystals between the high and low 585 aggressive curing conditions can be explained by the fact that the nucleus formation takes place 586 far more rapidly than crystal growth, leading to the formation of a large number of small 587 crystals in high supersaturated environments [41] . Moreover, small crystals formed in low 588 aggressive curing conditions may dissolve because they are not stable with respect to larger 589 crystals in equilibrium with lower concentrations [15] . 590 591 The following conclusions may be derived from this study. 598
 Results from cumulative intrusion curves indicate significant differences on the pore 599 network between mortars cured in aggressive and non-aggressive conditions. The 600 alterations are observed in both high and low aggressive solutions for most 601 compositions. XRD tests indicate that these alterations may be attributed to the 602 precipitation of ettringite and gypsum. 603  The modifications in the pore network are observed as early as at 7 days after early 604 exposition to sulfates. Therefore, typical curing periods of 28 days or 90 days 605 commonly adopted in accelerated laboratory tests prior to sulfate exposure might lead to 606 imprecise damage estimations for structures cast in situ. In these cases, a more realistic 607 approach would be to expose samples to sulfate at earlier ages. 608
 MIP results indicate that the expansive products do not precipitate equally in all pores, 609 as assumed in some models regarding the ESA. Initially, larger pores concentrates a 610 higher proportion of the expansive product. As pore refinement increases with time, the 611 precipitation evolves towards finer pore sizes. 612
 Results also suggest that the degree of refinement of the pore network defines which is 613 the lowest pore range affected by precipitation. In refined pore structures precipitation 614 reaches smaller pore ranges than in coarser networks, where the precipitation is mainly 615 produced in large pores.
616
 SEM images of ettringite formed in air voids indicate that the morphology and degree 617 of crystallinity varies depending on the availability of connected air voids and the 618 external sulfate concentration. Crystallinity of ettringite increases with the degree of 619 refinement of the pore system and decreases with the aggressiveness of the media. 
